Introduction
Studying enzymatic reactions is of interest since enzymes are involved in several research areas such as pharmaceutics, biotechnology or food industry. Recent studies have established electrospray ionization mass spectrometry (ESI-MS) as an appropriate tool for studying enzymatic reactions since it offers several advantages.
The increasing interest in studying enzymatic reactions by MS and the MS-compatibility of enzymatic assays was described in recently published reviews. [1] [2] [3] [4] [5] In contrast to UV/Vis-or fluorescence-based detection, mass spectrometric detection is independent of chromogenic and fluorogenic labeled substrates but only depends on the mass-tocharge (m/z) ratio of the ionized analytes. As shown in a recent study, chromogenic labeled substrates may cause altered enzyme specificity compared to unlabeled substrates. 6 Studying enzymatic reactions by MS resulted in the determination of kinetic parameters, reaction pathways or regulator identification. [7] [8] [9] [10] Since biological enzymes usually show their full activity only in aqueous media, enzymatic reactions are mostly studied in aqueous solutions. In classical biology, the activities of enzymes are typically lower in non-aqueous systems, this difference is primarily caused by denaturation effects. [11] [12] [13] However, the use of organic solvents may be useful in ESI-MS studies due to improved droplet generation in the electrospray interface and better droplet evaporation. 14, 15 Recent studies with miniaturized systems showed that addition of organic modifier can be advantageous. In case of nanoESI-MS, aqueous enzyme solutions may pose problems, which can easily be avoided by the addition of an organic solvent as a so-called modifier. 16 Studies with continuous-flow microfluidic assay systems require the systematical research of the impact of organic solvents. 17 Additionally, for several applications in biotechnology and analytical chemistry, the use of organic solvents offers advantages and enables several new applications in industry, these have been discussed in detail in the literature. 12, 18 Another promising approach to studying enzymatic reactions is the development of multiplexed assays with two or more different enzymes and their substrates in one single experiment. This can easily be handled by ESI-MS, as long as the compounds have different m/z ratios. UV/Vis-based assays require chromogenic substrates and therefore offer no possibility for simultaneous detection, whereas fluorescencebased assays can be multiplexed as long as the fluorescent substrates or products have different emission bands. 19 A first group working with multiplexed assays was Gerber and coworkers. By means of MS detection, they developed a new method for biomedical applications, in which the activites of two lysosomal enzymes in cell homogenates are simultaneously monitored using specific substrates. 20 Several other multiplexing Different enzymatic assays were characterized systematically by real-time electrospray ionization mass spectrometry (ESI-MS) in the presence of organic solvents as well as in multiplex approaches and in a combination of both. Typically, biological enzymatic reactions are studied in aqueous solutions, since most enzymes show their full activity solely in aqueous solutions. However, in recent years, the use of organic solvents in combination with enzymatic reactions has gained increasing interest due to biotechnological advantages in chemical synthesis, development of online coupled setups screening for enzyme regulatory compounds, advantages regarding mass spectrometric detection and others. In the current study, the influence of several common organic solvents (methanol, ethanol, isopropanol, acetone, acetonitrile) on enzymatic activity (hen egg white lysozyme, chitinase, α-chymotrypsin, elastase from human neutrophils and porcine pancreas, acetylcholinesterase) was tested. Moreover, multiplexing is a promising approach enabling fast and cost-efficient screening methods, e.g. for determination of inhibitors in complex mixtures or in the field of biomedical research. Although in multiplexed setups the enzymatic activity may be affected by the presence of other substrates and/or enzymes, the expected advantages possibly will predominate. To investigate those effects, we measured multiple enzymatic assays simultaneously. For all conducted measurements, the conversion rate of the substrate(s) was calculated, which reflects the enzymatic activity. The results provide an overview about the susceptibility of the selected enzymes towards diverse factors and a reference point for many applications in analytical chemistry and biotechnology. approaches were described, e.g. for determination and characterization of protease activity in the presence of different substrates or for simultaneous determination of the activities of different cytochrome P450 isoforms. [21] [22] [23] A promising application for the use of multiplexed enzymatic assays in combination with organic solvents are online coupled setups, consisting of high performance liquid chromatography (HPLC) combined with a biochemical (enzymatic) detection system. Such setups are applied for screening complex mixtures on potential regulatory compounds. In those analytical systems organic solvents are required for effective chromatographic separation and elution. However, the amount of organic solvents is limited in order to maintain the enzymatic activity. Thus, each single enzyme has to be tested in advance for its compatibility with organic solvent. As reviewed in Kool et al., advances in separation techniques and mass spectrometric detection technology lead to increasing importance of online coupled setups and have already been studied with acetylcholinesterase, phosphodiesterase, cytochrome P450, glutathione-S-transferase and cathepsin B. [24] [25] [26] [27] An innovative tool for the effective coupling of chromatographic separation with enzymatic screening methods was described by Irth and coworkers who used high-temperature HPLC (HT-HPLC). 28 Compared to conventional HPLC, the amount of organic solvent needed for the separation can be decreased markedly and 10% organic phase is often sufficient for chromatographic separation. 29 Multiplexing enzymatic assays in such online coupled setups would be an attractive possibility for screening of complex mixtures on regulatory substances by means of biochemical detection. Thus, for many applications one must conduct enzymatic assays in the presence of certain amounts of organic solvents. However, to our knowledge no systematic examination about the tolerance of enzymes towards organic solvents or multiplexing assays is available in the literature so far. Therefore, various enzymes were tested systematically on their tolerance to different common organic solvents. Additionally, the compatibility of enzymes towards other enzymatic assays was investigated. Finally a combination of both parameters, organic solvent and multiplexing, was studied regarding their joint influence on enzyme reactivity.
Experimental

Reagents and chemicals
Elastase from human neutrophils (NE, Enzyme Commission (EC) number 3.4.21.37, relative molecular weight (Mw) 30 kDa) was purchased from BioCentrum (Krakow, Poland). Hexa-N-acetylchitohexaose ((GlcNAc)6, Mw 1237.2 Da) was obtained from Seikagaku Biobusiness (Tokyo, Japan) and substrate for α-chymotrypsin Ala-Ala-Pro-Phe-pNA (Mw 520.4 Da, with chromogenic group p-nitroaniline (pNA)) was obtained from LOXO (Dossenheim, Germany). The following compounds were obtained from Sigma-Aldrich (Steinheim, Germany): Hen egg white lysozyme (HEWL, EC 3.2. 
Instrumentation
Samples were analyzed by a Triple Quadrupole (Series 6410, Agilent Technologies, Waldbronn, Germany) or an Ion Trap (Finnigan LCQ Duo, Thermo Quest, San Jose, CA), each equipped with an ESI source. The samples were detected in positive ionization mode. Triple Quadrupole samples were analyzed with the Agilent-system specific parameter "fragmentor voltage" of 135 V. Nebulizer was set at 15 psi, drying gas flow at 3 L/min, drying gas temperature at 300 C and capillary voltage at 2500 V. For Ion Trap samples sheath gas flow was set at 0.3 L/min, capillary temperature at 200 C and capillary voltage at 50 V. All samples were detected in full scan mode with a mass range of 80 -1300 m/z.
Sample preparation
Enzyme and substrate solutions were prepared in 10 mM NH4Ac buffer (pH 7.4). Enzymatic assays were prepared in the following concentrations: 5 μM HEWL with 25 μM (GlcNAc)6, 0.015 μM Chi with 5 μM (GlcNAc)6, 0.15 μM Chy with 5 μM Ala-Ala-Pro-Phe-pNA, 1 μM PE with 5 μM N-Suc-Ala-Ala-Ala-pNA, 1 μM NE with 5 μM N-Suc-Tyr-Leu-Val-pNA and 0.45 nM AChE with 5 μM AChCl. The influence of several common organic solvents on enzymatic activity was tested by addition of 10 or 30% MeOH, EtOH, ACN, acetone and isopropanol, respectively. Positive control assays were prepared in a reaction tube by mixing enzyme solution with substrate solution. Assays with organic solvents were prepared in the following order: enzyme solution, adding organic solvent, adding substrate solution. For multiplex assays, mixtures of all enzymes and all substrates were prepared and subsequently mixed. Multiplexing assays with the addition of organic solvent were prepared in the following order: organic solvent was added to the mixture of enzymes and immediately mixed with the substrate mixture. All appropriate controls were conducted to prove that there are no interferences between the compounds of different assays. All experiments were performed at least in duplicate and at 20 ± 2 C. After all components were mixed, the samples were immediately infused into the mass spectrometric interface via a 100-μL syringe (Hamilton-Bonaduz, The time-courses were smoothed with a Gaussian function using a 15 points function width and 5.000 points Gaussian width. The time courses show a short delay of about 2 min due to the attended time of manually mixing all compounds, filling and connecting the syringe and the transfer of the sample via ESI source to the mass spectrometer.
Calculation of conversion rate
Signal intensities were normalized for calculating conversion rates. The obtained time-courses were extrapolated using an exponential function in Microsoft Excel 2007, resulting in Eq. (1). The starting point was set at 2 min, since at this time point in all measurements a signal was detected after signal delay. The reactions were observed to reach a plateau at a remaining intensity of about 0.05; therefore, this value was set as the end point of the reaction. Using Eq. (1), we calculated conversion rates according to Eq. (2). The calculation of the conversion rate for Chy is shown in Fig. 1 .
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Results and Discussion
Impact of organic solvent on enzymatic conversion
The effect of organic solvents on enzymatic activity was investigated systematically. Enzymatic assays were carried out in the absence and the presence of organic solvent and monitored by mass spectrometry. As a measure of enzymatic activity, the respective substrate conversion rates were compared. Figure 1 exemplifies the influences of 0, 10 and 30% MeOH on the activity of Chy. The effect of the organic solvent on the enzymatic assay is already apparent, comparing the positive control assay (0%) and the assays with organic solvent (10 and 30%). Numeric values were obtained by calculating conversion rates (Eq. (2)) using an exponential function (Eq. (1)) which is also shown in Fig. 1 . Table 1 reflects the calculated conversion rates of all studied enzymatic assays in the presence of organic solvents. For assays which already had markedly reduced activity in 10% organic solvent, no measurements were conducted with higher organic solvent contents (as indicated by -). Obviously, the influence of solvents on enzymatic activity differs from enzyme to enzyme. This might be explained by diverse effects of organic solvents on enzymes like binding at the enzyme, competition with substrate binding, conformational changes and changes in charge state distribution due to denaturation effects. 31, 32 In the presence of organic solvent, nearly all enzymatic reactions show a decreased conversion rate. Exceptions are the glycosidases HEWL and Chi, exhibiting conversion rates >100% with MeOH (HEWL) or EtOH and ACN (Chi), respectively. Generally, increasing the organic solvent content from 10 to 30% is associated with a decrease of enzymatic activity, except for Chi with MeOH and HEWL with isopropanol where the activity in 30% is distinctly higher than in 10% organic solvent. In fact, it has been reported that there often is no linear correlation between enzymatic activity and concentration of organic solvent but that at specific concentrations of solvent even a stimulation of enzymatic activity can be observed. 31, 33 The proteases NE, PE and Chy show similar responses to the different organic solvents, which may be explained by their similar active sites and similar molecular weights. Adding 10% MeOH to the protease assays results in remaining activities between 52 and 60%, whereas in 30% MeOH the activities are decreased markedly. EtOH, ACN and acetone are quite poorly tolerated; the activity of the proteases is considerably reduced. The influence of organic solvents on Chy activity was also evaluated by Khmelnitsky et al. 34 and Ogino et al. 35 In their studies, they used parameters such as "c 50 " or "half-life" values for assessing the enzymatic activity. Thereby, the concentration of the organic solvent is determined at which a half inactivation of the enzyme occurs. Both determined a reduced Chy activity in the presence of MeOH and other organic solvents.
AChE seems to be most susceptible to organic solvents; only in case of 10% MeOH is there a remaining activity of 80%; all other solvents decrease the activity below 25% even in a concentration of 10%. Summing up the results, a low amount of MeOH seems to be the best tolerated organic solvent similar to other biological techniques where, for example, weak influence on the dissociation of noncovalent protein complexes was proved (unpublished data). However, the tested enzymes show distinct differences in their tolerance to MeOH and the other organic solvents. The glycosidases HEWL and Chi seem to be quite unsusceptible to organic modifiers in the set of tested enzymes, with HEWL even showing increased activity in the presence of 30% MeOH. Even in MeOH concentrations of up to 80% the enzyme HEWL still exhibits significant enzymatic activity (data not shown).
Enzymes of the same subclass and with same/similar active sites show similar behavior in the presence of organic solvents e.g. the glycosidases (HEWL and Chi) or the proteases Chy, NE and PE, respectively. Unfortunately, no obvious trend can be observed regarding the polarity or the dielectric constant of solvents. The impact of organic solvents on enzymatic activity concerning the polarity and hydrophobicity was discussed in the literature quite contradictory. 34, 38, 39 In fact, there seems to be some confusion about the use of the terms polarity and hydrophobicity, which complicates the interpretation of the literature data even more. In recent years several research groups attempted to find appropriate approaches to predict the influence of an organic solvent on enzymatic activity. Parameters which describe this effect were for instance the partition coefficient, 34 ,39 the denaturation capacity 34 or the polarity index. 38 These parameters may be used as reference points, but in accordance with the current data, it also seems to be necessary to study the influence on each enzyme individually. Thus, automated and even better miniaturized reaction systems are a useful tool for screening the solvent tolerance, e.g. in direct coupling with mass spectrometry. 16 
Impact of multiplexing on enzymatic conversion
The influence of other enzymatic assays on Chy-activity was tested in order to elucidate the possibility of multiplex approaches. Such multiplexing experiments were performed with two or four enzymatic assays in parallel. Therefore first of all, appropriate reaction conditions for all enzymatic assays have to be chosen, i.e. pH, buffer, temperature and concentrations. All parameters have to be adjusted in a way that each single enzymatic assay retains sufficient activity, even if the parameters are not in strict conformity with the enzyme optimum. According to the literature and to preliminary tests, the pH was set at 7.4, the buffer was 10 mM NH4Ac and the reactions were carried out at room temperature. 8, 16, 30 The concentrations of enzyme and substrate were adjusted in order to obtain a substrate decrease and product formation within a 20-min reaction time. The assortment of the substrates is a further criterion for multiplexing assays since mass spectrometric detection is dependent on the m/z values of the analytes. All used substrates and resulting products have different m/z values as described in Data evaluation.
In the current study, several multiplexed assays were carried out with the protease Chy and the resulting conversion rates were monitored and calculated (Fig. 2) . Control experiments were carried out for all combinations, i.e. the substrate for Chy was measured with all available enzymes and substrates separately. In these controls, no decrease of substrate was observed. Initially, combinations of two complete assays were monitored, i.e. Chy-assay with Chi-assay, with NE-assay or with AChE-assay, respectively (Fig. 2b) . The conversion rate for Chy in the multiplexed assay with Chi is reduced by 6% in comparison to the single Chy-assay. The combination of Chy and AChE leads to a conversion rate 4% higher than the rate in the single Chy-assay. In both cases, the conversion rate differs only marginally from the single Chy-assay. In contrast, the combination of Chy and NE leads to a distinct reduction of the Chy activity by 28% in comparison to the result for single Chy-assay. The diverse impact on Chy-activity may be explained by the characteristics of the used enzymes and substrates. The enzymes Chy, Chi, AChE and NE all belong to the enzyme class of hydrolases. Regarding the subclasses and sub-subclasses, Chy and NE are peptidases (EC 3.4.) or rather serine endopeptidases (EC 3.4.21.) . Chi belongs to glycosidases (EC 3.2.) and AChE to the subclass acting on ester bonds (EC 3.1.). Peptidases Chy and NE have the same active sites with the amino acids histidine, aspartic acid and serine whilst the active sites of the enzymes Chi and AChE consist of completely different amino acid compositions. Chy and NE-assay were conducted with similar substrates, which are comprised of four amino acids and the chromogenic group pNA. The substrate for Chi is a hexasaccharide and that for AChE is the ester acetylcholine. This study found that enzymatic assays with similar enzymes and substrates have greater influences on each other than enzymes of different subclasses and completely different substrates. Measuring the Chy-assay with solely NE or rather substrate for NE led to further information about the NE-influence on Chy activity. Chy-assay in the presence of NE substrate led to a conversion rate for Chy-assay that decreased by 14%, whereas the Chy-assay in the presence of NE leads to conversion rate about three times lower than that in the single assay (conversion rate 37%). Hence Chy activity in the presence of NE-assay seems to be impaired more strongly by the enzyme than by the NE substrate. In the presence of the complete NE assay, the Chy activity is higher (72%) than in the presence of NE alone (37%), so the NE substrate seems to reduce the influence of NE, most possibly due to the binding of the substrate to NE. Regarding the multiplexed experiments of two assays, vice versa the same behavior of the enzymes can be observed. In the presence of Chy-assay, the conversion rate of Chi is 78% and for AChE 103%, whereas again multiplexing of the NE-assay with the Chy-assay leads to a conversion rate of 38% for NE (data not shown).
The current results are in accordance with a multiplexing study of Karst and coworkers, who aimed at a mass spectrometric determination of the enzymatic activity of two enzymatic assays in parallel. 19 They used enzymes of different classes and observed very similar development of the reaction product in the single assays as well as in the multiplexed approach. They therewith proved that the two enzymatic reactions do not interfere.
In a next step, four enzymatic assays with Chy, Chi, AChE and NE were performed in a multiplexed assay (Fig. 2c) . The conversion rate of Chy is reduced almost fourfold in comparison to the multiplexing of two assays. So the three assays seem to have a synergistic effect on Chy-activity. This observation is in accordance with an experiment of Dixit et al., who developed multiplexed assays for simultaneous determination of the activity of cytochrome P450 (CYP) enzymes. 23 They used specific substrates for seven CYP isoenzymes and detected the resulting metabolites by HPLC-MS. When combining all seven assays in a single experiment they observed an inhibition of 10 and 40% of the activity of two CYP isoenzymes, respectively. The inhibition was eliminated by splitting the assays into two groups of assays. This supports the current results that enzymatic assays, especially with resembling enzymes, cannot be multiplexed in any way. Researchers need to test individually up to which amount assays can be multiplexed and which assays are combinable. On the other hand, systematic studies on the influence and regulation of interfering assays may lead to novel basic mechanistic knowledge of protein activities.
Impact of both organic solvent and multiplexing on enzymatic conversion
Finally, the impact of organic solvent and multiplexing assays on Chy-activity was tested by merging the previous approaches. The four enzymatic assays with Chy, Chi, AChE and NE were conducted in parallel in the presence of 10% MeOH, EtOH, ACN, isopropanol and acetone, respectively (Fig. 3b) . In all cases, the conversion rate of Chy is reduced between four-and fivefold compared to the single Chy-assay (Fig. 2a) . Addition of 10% MeOH to the combination of all four assays leads to no further reduction of the conversion rate in comparison to the four assays in buffer. Addition of the other organic solvents reduces the conversion rate further in comparison to the multiplexing of four assays in buffer. When adding 10% organic solvent to the single Chy-assay, isopropanol is the best tolerated solvent, followed by MeOH, acetone, EtOH and ACN. The multiplexed assay with all four assays in the presence of 10% organic solvent shows another order of susceptibility, namely MeOH, EtOH, acetone, isopropanol and ACN.
This result supports the statement that no general prediction can be made about the influence of organic solvents on enzymatic activity. Only ACN leads to analog results, since as in the single assay, also in the multiplexed approach that is the worst tolerated.
Concluding, simultaneous multiplexing of enzymatic assays and addition of organic solvent impair the enzymatic activity. However, in all cases the substrate consumption and a simultaneous product formation could be monitored. Thus, screening a large number of enzymes is possible for studying reaction pathways or solely determination of enzymatic activity. In this case multiple assays can be carried out in the presence of organic solvent and/or in a multiplexed assay.
Conclusions
The effect of common organic solvents and multiplexed assays on enzymatic activity was studied systematically by calculating the respective conversion rates. Summing up the results, obviously no general rule can be established to predict the susceptibility of an enzyme towards organic solvents, but rather the enzymes and organic solvents have to be tested individually as presented in this study. The obtained information about the suitability of an organic solvent with an enzyme may be useful for diverse analytical systems, e.g. for HT-HPLC or hydrophilic interaction chromatography in which 10% MeOH may be sufficient for effective chromatographic separation. Additionally, a small amount of organic modifier represents an improvement for the generation and especially for the desolvation of droplets produced by electrospray sources. In multiplexing experiments the enzymatic activity is marginally reduced in double assays. When multiplexing more than two assays and in the presence of organic solvents, the enzymatic activity is markedly reduced. The data obtained in this study provide an important overview Fig. 3 Remaining activity of Chy in % in multiplexed assays and in the presence of 10% organic solvent. Chy-assay was measured in a multiplexed assay with three other enzymatic assays, i.e. Chi, AChE and NE (a). This multiplexed assay was measured in the presence of 10% organic solvent (MeOH, EtOH, ACN, isopropanol and acetone) (b).
for further applications in biotechnology and for bioanalytical chemistry with automated nanoESI setups as a basis for screening enzymes.
